A continuous monitoring of nutrient uptake in crops is studied as a means to facilitate a more efficient nutrient application strategy and improve the control of product quantity and quality.
INTRODUCTION
Nutrient requirements of cut rose have been described in literature extensively. In The Netherlands, nutrient recommendations for roses on substrate are based on target concentration values in nutrient solution and drainwater (De Kreij, 1999) . Gislerød et al. (1996) observed that a doubling of the EC value from 1.7 to 3.5 mS cm -1 in the substrate solution increases the number of stems with 19%, as well as the length of the harvested roses. Environmental concern and water shortages have resulted in publications on re-use of drain water (Brun et al., 2001; Raviv et al., 1998) .
The reported values on nutrient uptake (Takeda and Takahashi, 1998, Terada et al., 1997) and nutrient content show a considerable variation. The range of recommended nutrient contents in plant dry matter is such, that the lowest values are more or less half of the highest recommended content (de Hoog, 1998) . The order of magnitude is known as such (Tamini et al., 1999 ), yet concrete optimum values are not given. In practice, commercial growers adjust nutrient supply on basis of visual appearance of the crop and by personal interpretation of the recommendation. Firm instruments to adjust fertilisation strategies to reach a well-defined optimum lack until now.
The photosynthetic capacity of a rose leaf depends on its N contents (e.g. Hirose and Werger, 1987; Bellert et al., 1996) , the position of the leaf in the crop structure and the leaf age (Lieth and Pasian, 1990) . A specific ratio of leaf area and leaf N contents seems to be optimal (Schieving, 1998) . In rose horticulture such findings should result in a proper fertiliser recommendation in relation to the surface area of the crop.
Part of the variation in nutrient contents may be explained by differences in leaf area index (LAI), radiation, CO 2 and air humidity. Appearance and architecture of a crop can hardly be communicated in a quantitative way. A more quantitative and reproducible method to link rose production to fertilisation strategies would be to determine the actual nutrient uptake rates in the crop. In the current practice in The Netherlands, these uptake rates can rather easily be determined. Such information can be used to tailor nutrient supply rates to improve product quality to a required target level. This will be realised by continuous measurement of nutrient uptakes, resulting in a more effective use of water and nutrients, and improved quality in combination with higher production rates.
METHODOLOGY
During a period of six years, growth and climatic data have been collected from each of six glasshouses (Table 1 ). All sites represent conventional production facilities, average surface 7,000 m 2 per site. The equipment, climate and irrigation practice fitted in conventional practice in the Netherlands, using a combination of fertilizer mixing tanks and drip irrigation. The irrigation volume was 500 -800 ml m -2 irrigation -1 , the leakage percentage ranged from 30 to 70 %, the daily period of irrigation lasted 4 -6 hour in winter and 10 -14 hour in summer. In 1998 the irrigation period in glasshouse 1 -3 lasted 12 -18 hours.
The data relate to mean values of 7 or 21 day intervals on climate, irrigation, composition of nutrient solution, and fresh weight of sold rose cuttings. Nutrient solutions were sampled regularly from the substrate by suction bottles. Analysis of macro-and micronutrients was done on the plain substrate solution (rockwool) or on the 1 : 1.5 extract (cocos until week 39 2002) or on the drain water (cocos from week 40 2002).
The amount of nutrients accumulated in the substrate has been determined once, on two rockwool samples of glasshouse 4 and unused rockwool slab as the control. The substrate had been used for 3.5 years for rose production (period: week 25 in 1999 until week 50 in 2002). The volume of both the substrate samples was approximately 1700 cm 3 , representing the average rooting volume of one plant. Both unused and used substrate (type Master, Grodan ©) were rinsed three times with in total 1 L of (1) demineralised water and, subsequently, (2) 2 M HCL solution. The water and HCl rinsing solution were analysed for extracted nutrients. The observed nutrient content was expressed in mol L -1 rockwool and converted to mol m -2 glasshouse, using the average substrate soil cover. Values were corrected for nutrients present in the untreated rockwool.
Total nutrient uptake was calculated from (1) fertilised nutrient amounts (2) drain of nutrients. It was assumed that 1 mS cm -1 represents 20 meq L -1 of nutrients, both in input and drain of the substrate solution, (Gieling, 2001) . This resulted in the following calculation of nutrient uptake in the rose crop: Uptake = Input -Output (meq m -2 day -1
). The retention in the slab was not used in the calculations.
Crop production was assumed equal to fresh weight production of harvested material, determined in the same intervals as substrate solution sampling (each 7 or 21 days). Total amount of nutrients in the harvested biomass was calculated from the total ion uptake, divided by the fresh weight biomass. Climatic data on photosynthetic active radiation (PAR), air and tube temperature, vapour pressure deficit, CO 2 and assimilation light were recorded by the climate computer.
A stepwise multiple regression was carried out (Statistica ©) to explain the variation in total nutrient uptake on basis of climatic factors, fertiliser additions and com-position of the substrate solution. The uptake of the individual nutrients of glasshouse 4, 5 and 6 was analysed by a stepwise multiple regression on (1) the concentration in the fertilizer and EC of the fertilizer and (2) on the concentration in the substrate solution.
Stepwise multiple regression incorporated variables in the regression at F-values above 1, and were removed from the regression model at F-values below 0.1. The analyses was split in two periods because (1) until week 39 2002 the concentration in the extract cocos was measured, and thereafter the concentration in the drain, (2) problems occurred due to hampered water supply, spider, heat stress and broken TE installation in glasshouses 4, 5, 6 and (3) a gradual change in climate and nutrient strategy.
RESULTS
Nutrient concentrations in the substrate solution were on average similar to the median of recommended concentrations (De Kreij, 1999) . Especially Ca and NO 3 were retained in the slab during the years, yet this retention amounts only 4.3 % of the total uptake (47 M m -2 ) of the nutrient withdrawal from the substrate solution (Table 2) . From input-output budgets of the substrate the nutrient uptake was calculated. The nutrient uptake per gram and per day is illustrated for 3 of the 6 glasshouses in Figure 1 and 2. The nutrient uptake followed an annual more or less sinusoidal annual pattern, (Fig. 1) , ranging from almost no uptake in winter to approximately 100 meq m -2 day -1 in summer. This strong pattern predominantly resulted from variation of growth rates that were, at optimum nutrient supply, depending on climatic conditions. However, when assimilation light was given at 25 µmol m -2 s -1 PAR, the winter production was close to summer production (data not shown), resulting in an almost flat annual uptake pattern. If nutrient uptake was calculated per unit growth, uptake fluctuated around a mean value of 2 meq g -1 fresh weight (Fig. 2 ). The uptake rates per gram gradually increased during the observation period. Occasionally high uptake rates per unit growth resulted from starting a new crop or strong growth reductions following intensive pruning. Effect of a change in water supply and climate on the actual value of the drain volume and EC in general is always delayed, occasionally causing under-and/or over-estimation of the calculated nutrient uptake and a negative uptake value.
Regression
Three groups of variables, i.e. climate, nutrients in the substrate and irrigation factors were studied separately and in total (Table 3) . Highest R 2 values were achieved using all three groups of variables (Table 5) . Using the three groups separately, climate factors by themselves resulted in the lowest R 2 values, especially for glasshouses 4 to 6 in the period 1998-2002, which was due to non-functioning sprinklers, plant diseases and heat stress. For both substrate types, the regression model related nutrient uptake to nutrients in the substrate with a rather similar R 2 (ca. 0.73). Different responses were observed for irrigation and climate (higher R 2 in cocos). Incorporating all factors in the regression model, nutrient uptake was predominantly determined by EC in irrigation water, volume of irrigation water, % of drain, substrate solution and climate. In practice, the factors EC and volume of irrigation water and % of drain are regulated by the grower in response to weather conditions and water consumption and are thus not completely independent of the growth rates.
Uptake of Individual Nutrients
Highest uptake amounts were calculated for NO 3 , followed by K and Ca (Table 4) . Uptake amounts of Mg, SO 4 and P had the same order of magnitude. The Si uptake on cocos is 50 % of the uptake on rockwool.
In a stepwise multiple regression the variation in uptake of an individual nutrient could for 14 -60 % be explained by the concentration of two to eight nutrients in the fertilizer or the EC of the fertilizer (Table 6 ): the Si, Na and Cl were by 40 -60 % explained, the other nutrients by 14 to 30 %. The magnitude of explanation was 21 -52 % based on the concentration of nutrients in the rockwool slab (Table 7) . The uptake of all nutrients except K raised if the concentration in the fertilizer raised. The concentration of some of the nutrients in the fertilizer correlated with other nutrients, the concentration of some of the nutrients in the slab also correlated with other nutrients (results not shown). In this situation a nutrient in the model is correlated to several nutrients and so its variation in uptake is explained by the combined effect of several nutrients. For this reason, in the regression models for the individual nutrients the nutrient explained sometimes is not present.
DISCUSSION AND CONCLUSIONS
In the course of six years the mineral uptake gradual raised from 1,5 tot 3 meq g -1 fresh weight. The grower probably rated the nutrient uptake too low and adjusted his nutrient and climate strategy during the last 2.5 years, learning from the analyses of the first 4 years. Multiple regression could explain only part (73%) of the nutrient uptake by climatic factors. Addition of irrigation and substrate conditions in the regression model resulted in an explanation of almost all the uptake variation. Moreover, these conditions separately explained more of the variation in uptake then climate did. This may result from the influence of the grower who corrects his strategy in response of the water and mineral consumption of the crop, and thus increases nutrient additions at favourable growth conditions. So it remains unclear whether substrate conditions are a cause or a result of plant nutrient uptake.
Our observations indicate that substrate concentration of most macro nutrients decrease at higher plant uptakes. The nutrients Na, Cl and SO 4 , which are often available in excess of plant demand, respond in the opposite direction. The uptake of the individual nutrients related better to the substrate concentration of the nutrients then to the concentrations in the fertilizer. In conventional practice fertilizer concentrations are adjusted on basis of expected uptake rates. Our observations show that such a strategy may result in irregular, non-optimal nutrient uptakes.
The correlation between uptake and substrate concentration of individual nutrients has been found poor. These results are in contrast to the strong relation between the nutrient composition in the substrate and the total nutrient consumption of the crop. We conclude that plant uptake of an individual nutrient is hardly affected by its own concentration in fertilizer or substrate, but seems to be predominantly controlled by supply rate and EC as well as climate.
This finding may support a strategy that focuses on the total, balanced fertiliser solution. In a 100 % recycling system the newly added nutrients are the nutrients consumed by the crop. Monitoring nutrient consumption and growth of the crop will give for each crop maximum results. 
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